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ABSTRACT 
Rivers of the southwest can exhibit significant hydrochemical variability on 
spatial and temporal scales in response to changes in precipitation and temperature, and 
are impacted by various solute contributing sources. This study of the upper reaches of 
the Gila River basin in southwestern New Mexico reveals both spatial and seasonal 
patterns in physical and hydrochemical parameters. 
The Gila River in southwestern New Mexico is one of the last free flowing rivers 
in North America. Previous works indicate that during periods of monsoonal 
precipitation, temporal variability in water chemistry of streams in the upper Gila 
watershed is significantly impacted by surface runoff due to variability in landscape 
cover features, as well as surface area of the catchment. However, during base flow 
regimes, this study finds that spring inputs of various magnitudes are the dominant 
drivers of solute concentrations and chemical variability throughout the system. 
Chemical composition of surface waters is primarily determined by sources of its 
recharge. Many rivers and perennial streams of southwestern United States, such as the 
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Gila River, originate from areas affected by geothermal and deep groundwater inputs and 
diluted by seasonal snow melt run off and precipitation events. Geothermal sources play a 
major role in salinization of the southwestern stream systems. Hydrochemical 
composition of such fluids is greatly affected by hydrologic routing through fault and 
fracture networks formed by tectonic deformation. Prolonged water/rock interaction 
combined with high temperature, pressure and fluid saturated with carbon dioxide results 
in chemical change which upon reaching the surface alters the composition of the surface 
runoff.   
This study investigates correlations of solute loading of the Gila River on both 
temporal and spatial scales by utilizing, campaign sampling, and geochemical, statistical 
and modeling analysis of the period of record (2006-2012) and selected historical data. 
Results exhibit significant spatial variability evident by progressive downstream 
increases in solute concentrations. This report includes a 108 river mile reach of the 
upper Gila River, from Lightfeather Hot Spring to Bird Sanctuary Trailhead below Bill 
Evans Lake. We identify major geologic sources of saline water inputs into the system 
and compute solute loads for the contributing groundwaters. Regional climate change 
scenarios predict a reduction in precipitation including effects on snowpack melt and 
runoff contribution to the Gila system. We predict such conditions will increase 
occurrences of base flow regimes resulting in increased frequency of peak salinization. 
Implications of such scenarios could result in stress on a wide range of ecological 
communities and negative effects on water quality for downstream users. A detailed 
hydrochemical study of geologic water inputs throughout the upper Gila watershed 
provides a crucial baseline information for determining system’s response to projected 
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climate change, and valuable data which allows to delineate natural salinization 
contributing sources from anthropogenic impacts on water quality of the system. 
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1. INTRODUCTION 
 
1.1 Background  
The Gila River is one of many tributaries of the Colorado River basin and 
is one of the last free flowing rivers in the United States (Figure 1). For well over 
a century, agriculture, ranching, mining, flood control, and municipal 
development have placed an increasing demand on water resources along the Gila 
drainage basin (Figure 2), and more generally, in the arid and subhumid 
southwestern United States. Decreasing streamflows have been shown to be 
correlated with increased salinization and diminished water quality in the western 
U.S.  (Phillips et al., 2003; Plummer et al., 2004; Newell et al., 2005; Anning et 
al., 2007; Crossey et al., 2016). In response to these concerns water managers in 
New Mexico continue to implement regional ground and surface water quality 
monitoring programs for major water systems (Bartolino and Cole, 2002; 
Plummer et al., 2004; Bauer et al., 2007; Rawling et al., 2008; Crossey et al., 
2013a and b).  
The Gila River is the dominant surface water feature in the upper Gila 
watershed (Figure 2) which provides vital habitat for a large number of near 
threatened, threatened and endangered species of birds, mammals, reptiles, 
amphibians and fish, including the Gila trout population (Olden et al., 2008; 
Wood et al., 2010). Concerns regarding the sustainability of allocating substantial 
resources to agricultural and farming communities while balancing needs based 
on increased water demand due to population growth and needs of aquatic and 
2 
 
riparian ecosystems have been raised (Sobien et al., 2017; Mogollon Rim Water 
Resources, 2008; Unruh et al., 2003). This study site is located centrally within an 
area recently proposed for a major diversion and modification of the Gila river 
(Paskus, 2019; includes project history). 
Numerous endogenic (thermal) springs, perennial tributaries, shallow 
alluvial aquifers, meteoric sources of recharge and land cover features contribute 
to hydrochemical variability across the upper Gila River watershed on both spatial 
and temporal scales. This study evaluates hydrochemical compositions of solute 
contributing sources of recharge and their effects on the chemistry of the upper 
Gila River from 2006-2012.  
 
1.2 Geology   
The upper Gila watershed is located in the southern region of the New 
Mexico-Arizona border in the Datil-Mogollon volcanic field (Figure 3) in the 
Basin and Range province (Hawley 1969, 1975, 1986: Morrison 1991). The 
drainage basin in the New Mexico covers an area of 9,300km2 (3,590mi2). The 
upper Gila River subbasin originates its headwaters in the Datil-Mogollon 
volcanic field (7,780km2 (2,645mi2)). The continental divide defines northern, 
eastern, and southern watershed boundaries, while the northwestern boundary is 
confined by the San Francisco watershed.  
Elevation of the Datil-Mogollon section ranges from 3,320m (10,892ft) at 
Whitewater Baldy in the Mogollon Mountains to 1,463m (4,800 ft.) at Redrock in 
the Gila River Valley. High plateaus of the Mogollon-Datil volcanic field are 
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dominated by deeply incised, meandering canyons lined with shallow alluvial 
valley fill (Figures 4 and 5).  
Lithostratigraphic studies of the Gila River basin system dates back to 
1875 conducted by Gilbert and many other researchers since (Trauger, 1972; 
Seager et al., 1982; Drewes et al., 1985; Seager, 1995; and Clemons, 1998). 
Deposition of the Datil-Mogollon formation is interpreted as three, slightly 
overlapping, volcanic eruptions, 28 to 38+Ma, 23 to 28 Ma and 20 to 23Ma 
(Figure 3). This event is associated with mid-Tertiary widespread volcanism, 
referred to as ignimbrite flare-up between 25 – 40Ma, and attributed to shallow 
angle of subduction and foundering of the Farallon slab beneath the North 
American lithospheric plate (Elston et al., 1973; Elston, 1984b; Chapin et al., 
2004). The Datil formation is comprised primarily of basaltic, andesitic, rhyolitic 
volcanic flows (Figure 4) in some sections reach thicknesses of over 8,000 ft 
(Ferguson, 1927). Quaternary basalt flows locally superimpose Cretaceous fill in 
western Valencia County, and east of Rodeo in Hidalgo County. 
Several half grabens of Miocene age indicate post volcanism deformation 
and resulted in many normal fault systems throughout the upper Gila area (Figure 
4) (Witcher, 2002). A notable feature of the upper watershed is the occurrence of 
geothermal features, especially Gila Hot Springs (Figure 6) (Witcher and Lund, 
2002; Mariner et al., 1977).  
The Upper Quaternary valley fill of the upper Gila subbasin comprises a 
shallow hydrogeologic unit with saturated thicknesses of up to 30 m (100 ft.). 
These alluvial aquifers confined by narrow canyon walls are recognized to be of 
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key importance to the recharge of perennial and intermittent tributaries (Figure 5). 
The Quaternary history of the greater Gila watershed is described in Waters and 
Ravesloot (2000). 
1.2 Geography and Climate  
Land cover of the upper Gila subbasin is primarily comprised of extensive 
forested areas at high elevations and rangeland spanning across the rest of the 
basin (Figure 2). Urban and agricultural development is found in one location 
along the river valley near the Gila-Cliff subbasin boundary.   
The Gila River system is categorized as an arid to subhumid climatic 
region with an annual precipitation ranging from 23.1cm (9.1 in) at the Virden 
Station (elevation 3,763ft) to 51 cm (20 in) at the Piños Altos station located on 
the continental divide (elev. 2,134 m; 7,000 ft). An average temperature 
variability ranges from 15.1oC at Redrock (elev. 1,483 m; 4,900 ft) to 11.6oC at 
the Gila Hot Springs (elev. 1,707m; 5,600ft). The monsoonal regimes, which 
occur from July through September, contribute nearly half of the annual 
precipitation in the region (NCDC, 1999, Hawley et al., 2000) (Figure 8a.)). 
However, historical records report 35% (51 cm or 20 in) of the annual 
precipitation had been contributed by winter precipitation (Gabin and Lesperance 
1977). Significant amounts of winter precipitation are attributed to quasiperiodic 
climate patterns and are driven by the southern oscillation (ENSO) driven by 
elevated ocean surface temperature and lower barometric pressure (El Niño) and 
reduced ocean surface temperature and elevated barometric pressure (La Niña) 
cycles in the eastern tropical Pacific (Gutzler et al. 2016).  Earlier studies also 
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suggest that the increasingly accurate forecasting, often months in advance, of 
these patterns in the upper Gila region could be used to place future studies of 
variation in flow on a more predictive basis (Molles et al., 1990). A study 
performed in the Jemez River system of north central New Mexico from 2005 to 
2011 illustrates mean spring runoff 2.3-3.2 x higher during El Niño years than 
medial years and 6.0-7.4 x than during La Niña years (Shafer, 2013).   
Observations from winter 2010 - 2011 report significantly drier conditions 
throughout the Gila watershed, exhibiting a drastic contrast from winters in the 
previous years (Figure 8 a,b). Forecasts of commonly accepted climatologic 
models predict a persistent decrease in precipitation across southwestern regions 
of the United States over the next century (Seager et al., 2007) (Figure 9). 
Subsequent drier and hotter conditions suggest an increase in frequency and 
persistency of base flow conditions and degradation of water quality 
corresponding to salt loading contributed by endogenic sources for the majority of 
the year. Monitoring of the annual discharge cycles of the upper Gila basin 
provides evidence of shifts in temporal variability resulting in an increase in 
annual variability of precipitation patterns (Seager et al., 2007) (Figure 9). A more 
recent detailed examination of the upper Gila climate and discharge data and 
future flow simulations by Gutzler (2016) predicts decreases in pre-monsoon 
(dry) season average flows, and an increase in the magnitude of extreme high-
flow events during the monsoon. Predictions are difficult for the Gila system due 
to its high variability (Gutzler, 2016). 
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Warmer winter and early spring temperatures will result in immediate 
runoff unlike previous conditions favorable to accumulation of winter snowpack, 
diminishing previously observed distinct snowmelt events (Gutzler, 2016). 
Regional forecast climate modeling of the western U.S. projects considerable 
reduction in snowpack and increase of atmospheric temperatures, suggesting more 
frequent occurrences of persistent drought periods and overall reduction of 
discharge (Bureau of Reclamation, 2011; Figure 10). Gauge records indicate that 
currently the highest sustained mean daily flows in the Gila River take place 
during snowmelt events from January 27 through May 28 (Horner et. al, 2014) 
(Figure 8 a, b). The reduction of winter snowpack and resulting diminished spring 
flood flow conditions, which are primary sources of recharge of downstream 
aquifers, may result in profound and consequential shortage of water availability 
to satisfy great demand for downstream communities as well as ecosystems along 
the Gila River.  
While the Gila basin is recognized as a significant watershed in the New 
Mexico and serves as a regional sink for some transboundary aquifers west of 
Continental Divide, very few detailed hydrochemical studies have been performed 
in the Gila River Basin since it does not directly contribute to the transboundary 
aquifer system in New Mexico (Hawley et al., 2000). 
1.3 Groundwater  
Exploration wells (Figure 6 a, b) installed in the volcanoclastic units 
interbedded with volcanic flows and tuffs in the upper Gila Basin aquifers 
produce a range of yields (Myers et al., 1994). Other studies focused on 
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evaluating geothermal energy potential of the endogenic sources for a housing 
development in the upper Gila River and date back to late 1970s (Schwab et al., 
1982). Analysis of hydraulic properties of the rock in the vicinity of Gila Hot 
Springs estimates transmissivity ranging from 0.0186 to 0.0217 cfs/ft. (Schwab et 
al., 1982), identified the Gila Hot Springs as the warmest amongst many thermal 
springs in the upper Gila basin. Volcanic terrain of Tertiary age yielded discharge 
of 0.446 cfs with maximum temperature reaching 62°C. Surface discharge from 
two small springs remained constant (0.01 cfs and 0.005 cfs) over the 48 hour 
observation period and were not impacted by pump tests in the nearby well 
indicating high hydraulic transmissivity along fracture planes of volcanic and well 
cemented sedimentary alluvium (Figure 6 b). The study concluded that two 
springs and a pumping well (250ft in depth), located in close proximity to Gila 
Hot Springs, exhibit analogous chemical compositions signifying that they are 
water of the same endogenic origin (Schwab et al., 1982). 
Hydrothermal springs emerge predominantly along normal faults in the 
underlying volcanic flows and valley fill conglomerate consistent with regional 
geology of the Datil-Mogollon volcanic field (Fig 6 c). Deep-seated faults in 
bedrock create a complex of conduits which allow chemically altered endogenic 
fluids to ascend to the surface (Figure 6 b). Understanding hydraulic properties of 
fault-fluid transport remains vague, largely due to the technological constraints 
which limit the acquisition of detailed property distribution from within active 
faults (Fairley, 2009 and references therein). Fault-fluid transport modeling 
largely demonstrates conductive capacity orders of magnitude higher along the 
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fault plane than surrounding matrix (Summers, 1982, Fetter, 1994) (Figure 11). 
Deep circulating water systems result in extended geochemical interactions with 
subsequent major chemical alterations of the fluids ultimately discharged in to 
surface stream systems (Crossey et al., 2009; 2016).  
Quantifying discharge of hydrothermal springs presents a challenge due to 
constraints of calculating volumetric contribution of endogenic fluids surfacing 
along fault structures ejected as surface flow, as well as numerous subsurface 
discharge points within alluvium of the valley fill. Several studies further 
advocate that although volumetrically small, compared to surface stream flow, 
sources of hydrochemically altered endogenic fluids have significant impacts on 
water quality and chemical composition of stream systems (Newell et al., 2005; 
Crossey et al., 2006; Crossey et al., 2009 and 2016; Miller et al., 2015).  
 
1.4 Previous Work  
 During snowmelt and storm events, faults may transmit significant 
amounts of subsurface flow producing fresher springs from hillsides, resulting in 
chemically altered fluids interrelated with landscape cover features such as 
geology, soil, and vegetation types (Winter et al., 1998; Acuña and Dahm, 2007). 
Results presented in an earlier study depict considerable impact on hydrochemical 
composition of overland flow during times of significant meteoric recharge in the 
upper Gila River system illustrating complex relationships between various solute 
contributors (Acuña and Dahm, 2007).  
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During periods of prolonged drought, streams in mountainous terrain are 
reduced to the base flow conditions (Figure 8 a) and recharge of the system 
primarily consist of shallow aquifer discharge from saturated alluvium units and 
perennial springs surfacing along fault structures. Combination of these 
chemically different fluids results in mixing and complex hydrochemical reaction 
with every encounter of the next endogenic source of recharge or exposure to 
atmospheric interaction, changing its chemical composition as it surges down its 
course and accumulating higher concentrations of solutes (Miller et al., 2015, 
Winter et al., 1998). Under base flow conditions trends of inverse correlation of 
solute concentrations to stream discharge are most evident in the upper Gila River 
and closely resemble other semiarid river systems of the southwest, such as the 
Jemez River, NM (Sherson et al. 2015, Crossey et al., 2013 a and b, McGibbon et 
al., 2018).  
In order to evaluate the complexity and extent of geochemical interactions 
and impacts of the water-quality-impairing sources on the river basin it is 
essential to evaluate surface and groundwater as an integrated system (Winter et 
al., 1998). This study aims to delineate areas of deep sourced water inputs, 
quantify their volumetric contributions and evaluate their hydrochemical 
interactions with surface stream at base-flow conditions and determine the 
system’s hydrologic and hydrochemical balance. This study is performed in an 
effort to establish a base-line to further our understanding of impacts of 
interannual variability and climate change on semi-arid river systems.  
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2. METHODS  
 In this study we investigate a one hundred and eight mile reach of 
the upper Gila River system. The study evaluates several tributaries and springs 
and includes 19 locations and 57 analysis over a two year period (Figure 7). 
Additionally, the dataset includes compiled records from recent studies of Acuña 
and Dahm (95 samples, personal communication 2017). All samples were 
analyzed for major ion composition, and thirty three were further analyzed for 
stable isotope composition. Total dissolved solute (TDS) values were calculated 
as a sum of all ions. Waters collected between 2011 and 2012 had an ion balance 
within 5% error with the exception of six samples within 10%. Water sampling 
procedures and field data acquisition were performed in compliance with USGS 
National Field Manual for the Collection of Water-Quality Data (2006) protocols. 
Supplementary historical hydrochemical data was obtained from Storage and 
Retrieval for Water Quality Data (STORET). 
Campaign sampling was executed in upstream to downstream progression, 
where samples were collected 100 meters above and below major confluences and 
surface discharge of endogenic contributing sources. Sampling locations were 
field-referenced using Garmin 60c portable GPS device. On site data collection 
includes T (˚C), pH, conductivity, specific conductance and dissolved oxygen 
obtained with Yellow Springs Instruments (YSI) Professional Plus, Oakton 
pH/CON 300 and Oakton DO6 field instruments. Samples were collected into two 
sterile 125ml polyethylene bottles: one consisting of a raw sample for alkalinity 
and anion analysis (refrigerated to 4 ºC with zero head space), and the second for 
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cation and metal analysis preserved by filtration (0.45µm) and acidification (pH 
below 2.0 using concentrated HNO3).  
Alkalinity levels are reported as ppm of bicarbonate [HCO3-] and 
determined by titration with sulfuric acid (Rand et al., 1976). Most of the river 
and spring samples were titrated using a 0.02 N H2SO4 solution and higher 
alkalinity spring samples were titrated using a 0.20 N H2SO4 solution.  
Cation analyses were performed using a PerkinElmer Optima 5300 DV 
Inductively Coupled Plasma-Atomic Emission Spectrometer (ICP-AES). Anion 
concentrations were analyzed using a Dionex ICS 1100 Ion Chromatograph (IC). 
Analysis was performed using Initial Calibration Blank Verification (ICBV), 
Initial Calibration Verification (ICV), and Continuing Calibration Verification 
(CCV) using standard in-house calibration solutions. Arsenic concentrations were 
determined by a PerkinElmer Atomic Absorption Spectrophotometer (AAS) with 
a hydride generation FIAS system.  
Major cation and anion concentrations were reported in mg/L and 
converted to milliequivalents per liter (meq/L) to obtain charge balances. Charge 
balances of ± 5% or less were obtained for 89% of collected samples and 11% 
within ± 10%. Hydrochemical analysis of samples collected from 2006 to 2010 
had HCO3- + CO3- concentrations calculated as deviation from 0% charge balance 
of samples as alkalinities were not determined.  
Stable isotope analysis of oxygen and hydrogen isotope composition was 
performed on untreated samples utilizing Picarro wavelength scanning cavity 
ring-down (WS-CRD) laser system in the UNM Center for Stable Isotopes (CSI). 
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Values are reported relative to Vienna Standard Mean Ocean Water (VSMOW; 
see Sharp, 2017) and compared to global meteoric water (GMWL: Craig, 1961). 
Stream discharge values were obtained from USGS 09403500 (Gila near 
town of Gila and Mogollon) for the time period January 1, 2006 to December 31, 
2012. Precipitation data for the same period was obtained from Reserve ranger 
station, NM, USC00297386 (33.7158, -108.7769, NOAA website) and Silver City 
automated station from 01/01/2006 to 11/30/2010 which was impacted by forest 
fire resulting in incomplete record. On June 26, 2012 flow measurements were 
collected above and below West, Middle and East fork and spring confluences 
and Sapilo creek near HW15. Measurements were made in triplicate, using a 
digital flowmeter and 20 centimeter intervals (20-40 stations per cross-section). 
Flow was well below bank-full for all periods measured. Average values were 
used with negligible differences between replicates. 
 As part of this study, river stage, total dissolved solids, and temperature 
measurements were monitored continuously in 15 minute intervals using pressure 
transducers equipped with TDS sensor (Solinst Levelogger Junior Model 3001, 
Solinst Ltd, Georgetown, Canada). High resolution data obtained by pressure 
transducers was compensated using data recorded by barometric data logger 
(Solinst Barologger Gold Model 3001) and the Aquarius software suite (Aquatic 
Informatics™).  
Upon completion of hydrochemical analysis, low-temperature aqueous 
geochemical calculations were performed using analytical software PHREEQC 
(Parkhurst et al., 2013) to determine mixing conditions, end members and 
13 
 
aqueous speciation. The Geochemist’s Workbench (GWB) analytical suite 
(Bethke et al., 2018) was used to evaluate the state of saturation indices of calcite, 
gypsum, dolomite, halite, and CO2, as well as perform binary mixing modeling 
and inverse modeling to determine end member compositions and compute 
equilibrium pCO2 based on pH, alkalinity, and ionic strength. 
 
3. RESULTS 
Field data and basic parameters are reported in Table 1, major ionic 
composition in Table 2, trace elements and isotope values are presented in Table 
3. Flow measurements collected at major tributary confluences and spring inputs 
range from 0.0057 to 0.0934 m3/s and solute loads were computed (see Table 4). 
Discharge data and sampling dates are shown in Appendix 1. Digital files for 
Tables 1-4 are provided as Appendix 2. Time-series data are provided in 
Appendix 3.  
3.1 Gila River 
The main stream of the Gila River displays a significant spatial and temporal 
variability. Total dissolved solute concentrations range from 95 to 387 mg/L with 
pH of 7.23 to 8.86 and temperatures from 11 to 31.5 C (Figure 11 a – c, Table 1). 
Dissolved oxygen concentrations vary between 5.56 to 9.37 mg/L (Figure 11 d, 
Table 1). High discharge peaked during late summer and early fall months 122 
m3/s (4320ft3/s) (Figure 8 b) due to monsoonal precipitation events and snow melt 
off in spring months 31 m3/s (1120 ft3/s) (Figure 8 a). Recorded discharge for the 
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duration of the study ranges from 0.28 to 122 m3/s (9.8 to 4320 ft3/s) at the Gila 
gauge station (USGS 09430500). Hydrochemical composition of the main stream 
is dominated by HCO3- (28 - 42%), Ca2+ (18 - 24%), Na+ (16 - 31%)  ions with 
less dominant Mg2+ and SO4- with least abundance of K+ and F- (Figure 12 a – f, 
Table 2). Stable isotope18O values range from -7.81 to -9.55 0/00 and 2H from -
61.5 to -73.4 0/00 respectively (Table 3).  
3.2 Tributaries 
Major tributaries exhibit greater variability of solute concentrations (42.7 to 
527.0 mg/L) (Figure 11 a, Table 1) relative to the main stream of the Gila River. 
Field parameters closely resemble that of the main stream with pH 7.11 to 8.86 
(Figure 11 b, Table 1), temperatures 12.2 to 34.7 C (Figure 11 c, Table 1) and 
dissolved oxygen saturations of 5.82 to 9.01 mg/L (Figure 11 d, Table 1). 
Hydrochemical analysis of tributaries demonstrates a wide range of variability of 
all major ions and similarly to the main stream are dominated by HCO3-, Ca2+, 
Na+, Cl-, Mg2+ 0.85 to 14.4 mg/L, K+ 0.22 to 15.0 mg/L and SO4- 2.55 to 126 
mg/L (Table 2). Isotopic values of18O range from -7.81 to -9.55 0/00 and 2H -
61.5 to -73.4 0/00 (Table 2). Hydrochemical composition of Mangas creek is 
drastically different from all other tributaries with solute concentrations ranging 
from 482 to 525 mg/L and much higher concentrations of SO4- and HCO3- than 
found in the rest of the river system.  
Temporally all tributaries illustrate a narrow range of hydrochemical 
variability with ionic ratios independent of flow conditions.  
15 
 
3.3 Springs 
Endogenic sources of recharge to the Gila River have relatively consistent 
ionic composition over the period sampled with concentration of total dissolved 
solute concentrations ranging from 474 to 497 mg/L, pH from 7.64 to 8.21, 
temperatures between 38.6 to 59.1 C and low dissolved oxygen from 0.96 to 3.83 
mg/L (Figure 11 a-d, Table 1). Predominant ions found in endogenic waters are 
Na+ (39-42%), Cl- (24-29%):  significantly higher than in stream concentrations 
(Figure 12 c,d, Table 2). Slightly higher amounts of SO4- and K+ and comparable 
Ca2+, HCO3- were detected. Magnesium values were low or below detection. 
3.4 Modeling and discharge  
Modeling of hydrochemical interactions of confluence endmembers yielded 
mixing models which correspond with compositions of physical samples (Figure 
13 a – e). Discharge data are used for solute loading calculations (discussed 
below).  
4. DISCUSSION / INTERPRETATIONS 
The upper Gila River watershed derives its headwaters from meteoric, 
endogenic and ground water sources. Confluence of Middle and West Forks 
identifies the beginning of the Gila River (Figure 7). Further downstream the East 
Fork converges with the main stream, followed by other perennial tributaries such 
as Sapilo, Mogollon and Mangas creeks (Figure 7).  
Prior to interacting with Lightfeather hot spring the middle fork of the Gila 
River is dominated by Ca2+ (38%), Na+ (23%) and HCO32- (21%) ions with low 
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Cl- (2%) concentrations (Figure 13 a). Endogenic fluids contributed contain high 
levels of Cl- (26%), lower amounts of Ca2+ (13%) and are entirely deficient of 
Mg2+ ions result in greater amounts of Cl- (19%) and reduction in calcium and 
magnesium (Figure 13 a) 
Several smaller contributing sources or recharge include geothermal 
springs, low flow stream tributaries, shallow aquifer discharge and a number of 
intermittent seeps. A progressive solute loading is observed along the studied 
section of the stream system and ranging from 226 µS/cm below Middle and West 
fork confluence to 480.8 µS/cm below the confluence with the Mangas creek 
(Figure 14). 
4.1 Temporal variations in water quality 
Seasonal variations in discharge are controlled by snow pack accumulation 
and melting, and monsoonal precipitation. Solute loading occurs during times of 
low discharge and dictated by chemical composition of contributing waters. 
Apparent salinization of the stream system is most evident during fall and summer 
months and ranged from 194 to 467 mg/L of dissolved solutes (Figure 14). During 
periods of high runoff during late winter and monsoonal cycles, solute 
concentrations are diluted by meteoric water sources and ranged from 164 to 382 
mg/L of TDS (Figure 14).  
Chemical compositions of endogenic flow contributing sources are not 
influenced by precipitation events and remain consistent throughout the year as 
measured in this study. This suggests minimal mixing of meteoric or ground 
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water with deeply derived fluids within the fault conduit networks. Contrasting 
trends are evident in tributaries throughout the system where salinization of the 
surface water is sensitive to discharge volumes. Although reduction in solute 
concentrations is evident at times of higher discharge, the ratios of major ions 
remains fairly consistent throughout the system (Figure 15).  
 
4.2 Spatial variations in water quality 
Lightfeather hot spring -- Lightfeather hot spring located 2 km (1.24 miles) 
upstream of the confluence of the Middle Fork and the West Fork of the Gila 
River (Figure 7). Primary discharge of the surface flow reaches the Middle Fork 
where it is pooled by manmade rock structures before mixing. Some of the 
endogenic fluid is diverted in to a shallow, narrow (1.5 m by 5 m) pool 
surrounded by riparian vegetation. Flow measurements indicate that Lightfeather 
hot spring contributes a significant volume of geothermal recharge resulting an 
increase in surface stream discharge of 0.0115 m3/s in the Middle Fork of the Gila 
River (Table 4). Surface discharge from the orifice of the spring was not 
measured but is notably less than recorded increase in flow of the tributary 
suggesting subsurface transport of geothermal fluids transmitted through 
underlying valley alluvium and gravel aquifer unit evident by multiple warm fluid 
upwelling zones along the bottom of the tributary.  
Lightfeather Hot Spring exhibits temporally consistent hydrochemical 
composition. Geochemical analysis indicates that Na+ (150 to 159 mg/L) and Cl- 
(126 to 140 mg/L) are the dominant composition with contributing to salinization 
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of the river system. Carbonates are at near equal concentrations. Magnesium is 
deficient. High solute loads are attributed to water-rock interaction along the 
subsurface flowpath.  
Middle fork -- Hydrochemical analysis of the Middle Fork of the Gila River 
illustrates increase in solute loading contributed by the endogenic fluid recharge 
from the Lightfeather Hot Spring (Figure 13 a).  
As the Middle Fork courses downstream a significant loss of stream flow 
from 0.0934 to 0.0522 m3/s observed as it approaches a valley at the West Fork 
confluence. Data suggests that surface flow infiltrates in to valley alluvium and 
terrace gravels of Holocene age resulting in flow decrease and suggesting a 
recharge of the shallow alluvial aquifer and suggests likelihood of hyporeic 
exchange processes. This is consistent with a reduction in the amount of sulfate 
due to subsurface sulfate reduction by microbial processes in the hyporeic zone 
(Vinson et al., 2012). 
West fork -- West Fork of the Gila River exhibits a nonlinear Cl- and Na+ 
loading with increase in flow (Figure 13 b). This tributary shows lower solute 
concentrations suggesting fresher sources of recharge. Concentrations of HCO3-, 
Mg2+, Ca2+, SO4- are also not flow dependent. West Fork instantaneous discharge 
of 0.0057 m3/s was measured and equates to 4% of flow contribution to main 
stream discharge of 0.0487 m3/s (Figure 13 b, Table 4). West fork total dissolved 
solutes concentrations varies from 63.2 during high flow conditions (256cfs at the 
Gila gauge station) to 150 mg/L (44cfs respectively) during base flow. 
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East fork -- The results of the study indicate that the East fork is the primary 
contributor of flow during all flow regimes of the Gila River. Ionic ratios closely 
resemble the main stream of the Gila but notably higher TDS values which range 
from 192 mg/L (1.57m3/s or 55.4cfs) to 248 mg/L (1.26m3/s or 44.5cfs) of total 
dissolved solutes (Figure 13 c), while the main stream of the Gila River measured 
a range from 95 mg/L (256 cfs) to 226 mg/L (1.26m3/s or 44.5cfs).  
Melanie hot spring -- Melanie Spring is located 3.15 km (1.95 miles) 
downstream of the East Fork of the Gila River. A narrow orifice (10 cm) is 
located along a fault line 10 m above the canyon floor. The canyon wall and an 
area below is covered in algal mats, grasses, moss and shrubs. At the bottom of 
the canyon wall is a manmade pool which overflows and percolates in to coarse 
sediment and mixes with shallow aquifer waters before reaching the main stream. 
No degassing or travertine deposits were observed at either spring locations. 
Geochemical composition is nearly identical to the Lightfeather hot spring 
indicating connectivity of the fault system routing to the same source. Due to the 
low volume of discharge this spring has minimal influence on the composition of 
the stream (Figure 13 d). 
Mangas creek – Due to its endogenic origins, Mangas creek contributes the 
highest amount of solutes, even outweighing the impact of springs.  Similarly to 
the springs the ionic composition remains relatively constant but contributes 
greater amounts of sulfate and Cl- and significantly lower amounts of carbonates. 
Although volumetrically small is has a great impact on the salinization of the 
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upper Gila River (Figure 13 e). This tributary shows effects of gypsum dissolution 
evident by elevated Ca2+ and SO4- concentrations.  
Springs in the upper reaches of the Gila River show high Na+, Cl- (Figure 16 
a) and elevated Br- concentrations. Excess Na+ relative to Cl- is observed 
throughout the system (Figure 16 b) and is typical of water-rock interaction with 
silicates (Crossey et al., 2009).  The linear Ca2+-HCO3- relationship (Figure 16 c) 
show that dilute waters most likely acquired these solutes from dissolution of 
carbonates while the highest sulfate concentrations are consistent with derivation 
from gypsum dissolution (Figure 16 d). Additional chemical plots are provided in 
Appendix 1. 
Major ions, trace elements and stable isotopes -- A detailed study of the 
impact of monsoonal rains on spatial scaling patterns in water chemistry of the 
Gila River, performed by previous workers (Acuña and Dahm, 2007) concluded 
that predominant chemical composition of waters corresponded to geological 
features at the basin scale, while other constituents (total suspended solids and 
phosphate) corresponded to riparian features. It also concludes that interconnected 
changes in hydrologic routing and origin of contributing recharge play a 
significant role on statistical relationships between land cover and water 
chemistry and are driven by seasonal base flow and monsoonal conditions. 
Influence of geologic units and drainage size were most evident during base flow 
conditions. Geochemical analysis indicates that geothermal spring contributions 
range from 1 ± 2.5 % during the monsoons to around 20 ± 10 % during base flow 
conditions in the Middle Fork of the Gila River as well as in the main stream. 
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These data support that solute concentrations of higher values correspond to base 
flow conditions. Hydrochemical analysis of the base flow of the Gila River reveal 
concomitant increases in downstream concentrations of Mg2+ and Ca2+, not 
evident during times of high discharge. Correlation analyses of various chemical 
solutes show evident linear relationships between Cl- and SO4 2- as well as Br, 
Na+, Mg2+ and Ca2+. The additional data from Acuña and Dahm (personal 
communication, 2017) provides an extensive geochemical dataset that is a 
significant contribution to this study (Table 1). Supplementary continuous time 
series data can be found in the Appendix 3.  
5. CONCLUSIONS 
 
 Water quality of the upper Gila River system exhibits a wide range of 
seasonal, interannual and spatial variability. Major influencing factors include 
prolonged drought conditions, shallow aquifer and endogenic recharge sources, 
and frequency of meteoric precipitation events. 
 1) Endogenic sources of recharge do not presently have as severe an 
impact on salinization and degradation of water quality as seen in other 
southwestern rivers, but provide an explanation for solute variability which 
contributes to overall increase in downstream solute concentrations in the Gila 
system.  
 2) Deeply sourced fluids in the upper reaches exhibit geochemically 
similar compositions indicating that they are part of the same groundwater flow 
network. Further downstream, spring-derived Mangas creek is distinctly different 
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from others with notably higher solute concentrations and significant SO42-
enrichment interpreted to result from dissolution of gypsum along subsurface 
flowpaths.  
 3) Interannual hydrochemical variability of the system closely corresponds 
with precipitation patterns. This correlation is important for understanding the 
impacts of future climate change scenarios and warrants further work to establish 
whether the trends in this study continue over longer time intervals. 
 4) The ten year baseline provided here for the Gila River consolidates all 
available hydrochemical data for one of the last free-flowing rivers in the 
southwest. Data acquired through this study is a significant contribution to 
monitoring and water management efforts.  
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Table 1. Basic parameters 
ID Location Name Location ID Source Latitude Longitude Type Date T pH TDS  Sp. Cond.  DO 
              mm/dd/yy °C    mg/L µS/cm mg/L 
1 Upstream of Gila Hot 
Spring 
UGHS PV 33.234263 -108.234952 Gila 10/14/11 12.1 8.02 136.0 191.4 8.07 
2         Gila 6/25/12 21.5 7.56 154.9 191.2 6.26 
3         Gila 9/29/12 19.5 8.07 185.8 246.8 7.38 
4 Lightfeather Hot Springs GHS PV 33.233510 -108.235310 Spring 10/14/11 59.1 7.64 493.6 919.0 0.96 
5         Spring 6/25/12 52.6 8.03 475.7 771.7 1.44 
6         Spring 9/29/12 43.2 8.13 496.8 889.0 1.79 
7* Middle Fork MFG PV 33.222697 -108.245441 Gila 10/14/11 20.2 8.23 194.9 285.0 6.83 
8   
 
    Gila 10/14/11 21.9 8.11 187.9 298.0 6.56 
9         Gila 6/25/12 31.5 8.86 205.5 279.8 6.59 
10         Gila 9/29/12 22.8 8.39 202.2 295.5 7.25 
11 West Fork WFG PV 33.221740 -108.245713 Tributary 10/14/11 22.8 8.00 154.1 219.0 5.82 
12         Tributary 6/25/12 34.7 8.86 139.2 156.1 6.15 
13         Tributary 9/29/12 21.9 8.39 164.8 218.9 7.05 
14 Below Middle Fork  BMFG PV 33.221890 -108.242160 Gila 10/14/11 22.3 8.05 163.8 226.0 6.38 
15         Gila 6/25/12 30.5 8.82 202.7 274.5 7.12 
16         Gila 9/29/12 22.4 8.48 190.8 268.1 7.33 
17 Above Little Creek  ALC PV 33.203763 -108.216334 Gila 10/14/11 19.9 7.25 181.4 241.0 5.56 
18         Gila 6/26/12 20.4 7.61 nr 188.4 9.37 
19 Little Creek LC PV 33.203364 -108.215643 Tributary 10/14/11 19.8 7.78 145.9 215.0 6.17 
20         Tributary 6/26/12 18.7 7.11 nr 164.2 6.08 
21 Below Little Creek BLC PV 33.204020 -108.214540 Gila 10/14/11 19.2 7.23 149.3 222.0 5.58 
22         Gila 6/26/12 20.6 7.70 nr 187.7 9.20 
23 Above East Fork AEFG PV 33.181685 -108.205486 Gila 10/15/11 11.0 7.58 177.8 276.0 7.77 
24         Gila 6/26/12 24.7 8.00 170.7 222.4 8.74 
25         Gila 9/30/12 23.0 8.17 197.3 285.5 8.09 
26 East Fork EFG PV 33.179643 -108.204743 Tributary 10/15/11 14.5 7.84 248.6 384.0 7.1 
27         Tributary 6/26/12 24.8 8.23 232.4 312.3 8.59 
28         Tributary 9/30/12 19.0 8.34 233.1 365.3 8.82 
29 Below East Fork BEFG PV 33.179600 -108.207260 Gila 10/15/11 13.0 7.76 210.9 337.0 7.53 
30         Gila 6/26/12 26.8 8.30 210.5 272.2 8.32 
31         Gila 9/30/12 22.4 7.91 217.5 327.9 8.29 
PV -- This study A&D -- Acuña and Dahm nr -- Not reporded 7* -- Close to the middle fork sampling location   
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Table 1. Basic parameters 
ID Location Name Location ID Source Latitude Longitude Type Date T pH TDS  Sp. Cond.  DO 
              mm/dd/yy °C    mg/L µS/cm mg/L 
32 Above Melanie Spring AMS PV 33.163193 -108.210446 Gila 10/15/11 18.5 8.00 nr 310.0 6.5 
33           Gila 6/26/12 27.8 8.40 215.8 284.2 7.78 
34           Gila 9/30/12 21.0 8.25 218.6 329.7 8.6 
35 Melanie Spring MS PV 33.162330 -108.208630 Spring 10/15/11 38.6 8.21 492.8 860.0 3.04 
36           Spring 6/26/12 42.7 8.01 492.4 756.0 3.83 
37           Spring 9/30/12 42.9 8.15 473.7 892.0 3.68 
38 Below Melanie Spring BMS PV 33.161590 -108.208070 Gila 10/15/11 19.2 8.10 203.0 300.0 6.93 
39           Gila 6/26/12 27.4 8.47 212.3 284.6 7.65 
40           Gila 9/30/12 20.4 7.8 204.5 329.8 8.19 
41 Sapillo Creek SC PV 33.040695 -108.217600 Tributary 6/26/12 12.2 7.6 290.9 323.8 7.73 
42           Tributary 9/30/12 17.5 7.41 304.0 393.4 7.85 
43 Above Town Of Gila GG PV 33.044469 -108.529954 Gila 10/16/11 17.0 7.90 231.1 354.0 6.93 
44           Gila 6/27/12 23.9 7.36 216.4 279.7 5.69 
45           Gila 9/30/12 19.9 7.84 250.7 358 7.65 
46 Above Mangas Creek AMC PV 32.863837 -108.591520 Gila 10/16/11 23.1 8.32 311.6 457.0 7.68 
47           Gila 6/27/12 26.8 8.57 304.9 364.4 8.48 
48           Gila 9/30/12 19.6 8.28 316.4 448.3 7.18 
49 Mangas Creek MC PV 32.861597 -108.585980 Tributary 10/16/11 23.4 8.14 499.9 700.0 6.47 
50           Tributary 6/27/12 21.3 7.94 482.1 585.0 7.49 
51           Tributary 9/30/12 14.8 8.09 524.6 717.0 9.01 
52 Below Mangas Creek BMC PV 32.861528 -108.591779 Gila 10/16/11 23.1 8.31 343.0 459.0 7.69 
53         Gila 6/27/12 27.3 8.57 307.6 367.7 9.30 
54           Gila 9/30/12 19.0 8.32 381.6 480.8 7.50 
55 East Fork Gila EFG A&D 33.177943 -108.201490 Tributary 7/20/06 nr nr 248.0 nr nr 
56           Tributary 8/6/06 nr nr 209.2 nr nr 
57           Tributary 9/21/06 nr nr 197.0 nr nr 
58           Tributary 10/12/06 nr nr 218.1 nr nr 
59           Tributary 11/5/06 nr nr 193.6 nr nr 
60           Tributary 11/15/06 nr nr 201.4 nr nr 
PV -- This study A&D -- Acuña and Dahm nr -- Not reporded     
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Table 1. Basic parameters 
ID Location Name Location ID Source Latitude Longitude Type Date T pH TDS  Sp. Cond.  DO 
              mm/dd/yy °C    mg/L µS/cm mg/L 
61 Gila At Bird Sanctuary GBS A&D 32.815897 -108.603701 Gila 5/27/06 nr nr 387.4 nr nr 
62           Gila 6/26/06 nr nr 336.1 nr nr 
63           Gila 7/20/06 nr nr 377.0 nr nr 
64           Gila 8/6/06 nr nr 194.1 nr nr 
65           Gila 9/21/06 nr nr 261.4 nr nr 
66           Gila 10/12/06 nr nr 307.2 nr nr 
67           Gila 11/5/06 nr nr 265.4 nr nr 
68           Gila 11/15/06 nr nr 263.1 nr nr 
69           Gila 11/30/06 nr nr 274.1 nr nr 
70           Gila 12/18/06 nr nr 278.7 nr nr 
71           Gila 1/28/07 nr nr 258.0 nr nr 
72           Gila 2/24/07 nr nr 202.5 nr nr 
73           Gila 3/22/07 nr nr 208.6 nr nr 
74 Gila At Gila GG A&D 33.047993 -108.529842 Gila 5/27/06 nr nr 279.3 nr nr 
75           Gila 6/26/06 nr nr 265.5 nr nr 
76           Gila 7/20/06 nr nr 291.8 nr nr 
77           Gila 8/6/06 nr nr 188.7 nr nr 
78           Gila 8/18/06 nr nr 154.4 nr nr 
79           Gila 9/21/06 nr nr 201.9 nr nr 
80           Gila 10/12/06 nr nr 251.4 nr nr 
81           Gila 11/5/06 nr nr 204.3 nr nr 
82           Gila 11/15/06 nr nr 178.7 nr nr 
83           Gila 11/30/06 nr nr 186.8 nr nr 
84           Gila 12/18/06 nr nr 195.6 nr nr 
85           Gila 1/28/07 nr nr 237.6 nr nr 
86           Gila 2/24/07 nr nr 165.3 nr nr 
87           Gila 3/22/07 nr nr 156.3 nr nr 
PV -- This study A&D -- Acuña and Dahm nr -- Not reporded     
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Table 1. Basic parameters 
ID Location Name Location ID Source Latitude Longitude Type Date T pH TDS  Sp. Cond.  DO 
              mm/dd/yy °C    mg/L µS/cm mg/L 
88 Gila Downstream Of The 
Forks Union 
GUN A&D 33.154123 -108.213863 Gila 7/20/06 nr nr 200.4 nr nr 
89         Gila 8/6/06 nr nr 163.2 nr nr 
90         Gila 8/18/06 nr nr 168.4 nr nr 
91         Gila 9/21/06 nr nr 195.4 nr nr 
92           Gila 10/12/06 nr nr 200.8 nr nr 
93           Gila 11/5/06 nr nr 172.9 nr nr 
94           Gila 11/15/06 nr nr 182.1 nr nr 
95 Middle Fork MFG A&D 33.228787 -108.236061 Gila 5/27/06 nr nr 256.5 nr nr 
96           Gila 6/26/06 nr nr 249.7 nr nr 
97           Gila 7/20/06 nr nr 226.1 nr nr 
98           Gila 8/6/06 nr nr 210.5 nr nr 
99           Gila 8/18/06 nr nr 89.7 nr nr 
100           Gila 9/21/06 nr nr 195.8 nr nr 
101           Gila 10/12/06 nr nr 132.5 nr nr 
102           Gila 11/5/06 nr nr 169.0 nr nr 
103           Gila 11/15/06 nr nr 170.3 nr nr 
104           Gila 11/30/06 nr nr 173.7 nr nr 
105           Gila 12/18/06 nr nr 171.8 nr nr 
106           Gila 1/28/07 nr nr 186.5 nr nr 
107           Gila 2/24/07 nr nr 115.5 nr nr 
108           Gila 3/22/07 nr nr 95.0 nr nr 
109 Mogollon MOG A&D 33.199660 -108.588884 Tributary 7/20/06 nr nr 151.6 nr nr 
110           Tributary 8/6/06 nr nr 90.2 nr nr 
111           Tributary 10/12/06 nr nr 100.5 nr nr 
PV -- This study A&D -- Acuña and Dahm nr -- Not reporded     
 
 
 
 
31 
 
Table 1. Basic parameters 
ID Location Name Location ID Source Latitude Longitude Type Date T pH TDS  Sp. Cond.  DO 
              mm/dd/yy °C    mg/L µS/cm mg/L 
112 Rain Creek RC A&D 33.190892 -108.668136 Tributary 7/20/06 nr nr 116.8 nr nr 
113           Tributary 8/6/06 nr nr 77.7 nr nr 
114           Tributary 8/18/06 nr nr 82.3 nr nr 
115           Tributary 9/21/06 nr nr 125.2 nr nr 
116           Tributary 10/12/06 nr nr 77.3 nr nr 
117           Tributary 11/15/06 nr nr 77.6 nr nr 
118           Tributary 11/30/06 nr nr 76.6 nr nr 
119           Tributary 12/18/06 nr nr 77.2 nr nr 
120           Tributary 1/28/07 nr nr 68.0 nr nr 
121           Tributary 2/24/07 nr nr 55.1 nr nr 
122           Tributary 3/22/07 nr nr 42.7 nr nr 
123 West Fork Gila WFG A&D 33.236022 -108.277798 Tributary 5/27/06 nr nr 156.3 nr nr 
124           Tributary 6/26/06 nr nr 159.8 nr nr 
125           Tributary 7/20/06 nr nr 150.2 nr nr 
126           Tributary 8/6/06 nr nr 96.7 nr nr 
127           Tributary 9/21/06 nr nr 116.7 nr nr 
128           Tributary 10/12/06 nr nr 80.1 nr nr 
129           Tributary 11/5/06 nr nr 96.5 nr nr 
130           Tributary 11/15/06 nr nr 96.0 nr nr 
131           Tributary 11/30/06 nr nr 94.8 nr nr 
132           Tributary 12/18/06 nr nr 99.4 nr nr 
133           Tributary 1/28/07 nr nr 110.7 nr nr 
134           Tributary 2/24/07 nr nr 109.0 nr nr 
135           Tributary 3/22/07 nr nr 63.2 nr nr 
136 West Fork Mogollon WFM A&D 33.209162 -108.630290 Tributary 5/27/06 nr nr 141.9 nr nr 
137           Tributary 7/20/06 nr nr 85.9 nr nr 
138           Tributary 8/6/06 nr nr 65.8 nr nr 
139           Tributary 9/21/06 nr nr 81.7 nr nr 
PV -- This study A&D -- Acuña and Dahm nr -- Not reporded     
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Table 2. Major ions 
ID Location Name Location ID Date Ca  Mg Na K HCO3 Cl SO4 Balance 
        mg/L mg/L mg/L mg/L mg/L mg/L mg/L  % 
1 Upstream Of Gila Hot 
Spring 
UGHS 10/14/2011 15.10 3.39 19.14 1.99 84.20 3.27 8.92 7.21 
2   6/26/2012 15.48 3.23 22.39 1.98 95.55 4.18 12.09 3.17 
3     10/29/2012 21.04 4.61 21.04 2.32 124.60 3.80 8.37 1.69 
4 Gila Hot Springs GHS 10/14/2011 16.02 bd 150.20 3.80 123.86 140.16 59.57 1.38 
5     6/26/2012 14.20 bd 134.80 3.60 124.47 134.06 64.67 -3.68 
6     10/29/2012 15.79 0.03 138.40 3.52 127.16 126.81 85.11 -3.72 
7* Middle Fork MFG 10/14/2011 20.47 4.48 26.75 2.37 120.90 8.49 11.44 3.05 
8     10/14/2011 15.21 3.09 28.18 1.87 89.69 35.40 14.46 -9.55 
9     6/26/2012 15.13 2.67 40.20 2.33 99.40 20.75 25.07 0.83 
10     10/29/2012 20.46 4.37 29.40 2.47 121.50 10.53 13.44 2.91 
11 West Fork WFG 10/14/2011 18.07 3.80 10.79 14.93 84.57 18.82 3.11 2.06 
12     6/26/2012 18.66 3.34 11.02 1.74 99.82 1.99 2.59 -0.49 
13     10/29/2012 22.91 6.08 10.62 2.43 117.60 2.36 2.80 2.73 
14 Below Middle Fork  BMFG 10/14/2011 16.17 3.23 23.63 8.90 84.45 16.83 10.60 5.64 
15     6/26/2012 15.35 2.76 38.62 2.32 100.31 19.49 23.82 0.78 
16     10/29/2012 21.16 4.86 23.15 2.42 121.40 8.01 9.84 2.09 
17 Above Little Creek  ALC 10/14/2011 18.29 3.55 21.58 9.51 99.82 18.13 10.54 0.40 
18     6/26/2012 nr nr nr nr nr nr nr nr 
19 Little Creek LC 10/14/2011 22.25 5.57 10.34 1.56 100.07 1.72 4.43 7.22 
20     6/26/2012 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
21 Below Little Creek BLC 10/14/2011 18.74 3.77 20.53 1.69 87.25 7.16 10.13 8.40 
22     6/26/2012 nr nr nr nr nr nr nr nr 
23 Above East Fork AEFG 10/14/2011 18.51 3.74 22.03 9.36 92.75 20.35 11.11 2.17 
24     6/26/2012 17.76 3.68 25.58 1.76 92.38 15.38 14.17 2.26 
25     10/29/2012 21.72 4.81 24.98 2.31 122.20 10.45 10.88 1.95 
26 East Fork EFG 10/14/2011 24.89 4.35 37.21 8.06 118.37 40.07 15.61 0.42 
27     6/26/2012 23.03 4.10 38.43 1.73 116.42 32.57 16.12 0.62 
28     10/29/2012 24.05 4.21 38.53 1.81 120.20 30.28 14.07 2.36 
29 Below East Fork BEFG 10/14/2011 22.05 4.19 30.20 9.74 102.51 29.63 12.61 3.96 
30     6/26/2012 20.37 3.97 32.86 1.84 110.81 25.14 15.54 -0.53 
31     10/29/2012 23.23 4.52 31.87 2.08 122.80 20.46 12.54 2.05 
nr -- Not reported   bd -- Below detection   7* -- Below Lightfeather Hot Spring       
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Table 2. Major ions 
ID Location Name Location ID Date Ca  Mg Na K HCO3 Cl SO4 Balance 
        mg/L mg/L mg/L mg/L mg/L mg/L mg/L  % 
32 Above Melanie Spring AMS 10/14/2011 nr nr nr nr nr nr nr nr 
33     6/26/2012 21.44 4.06 34.55 1.88 111.30 26.85 15.77 0.76 
34     10/29/2012 23.62 4.55 32.67 2.08 122.00 21.04 12.63 2.91 
35 Melanie Spring MS 10/14/2011 16.83 0.64 145.30 16.02 115.32 134.11 64.55 4.14 
36     6/26/2012 16.04 0.62 132.90 3.11 123.13 151.32 65.25 -6.50 
37     10/29/2012 17.49 0.69 136.20 3.13 127.40 126.65 62.18 -0.16 
38 Below Melanie Spring BMS 10/14/2011 22.23 4.31 31.28 3.99 103.73 23.88 13.55 4.85 
39     6/26/2012 21.29 4.08 34.30 1.88 107.88 27.00 15.91 1.33 
40     10/29/2012 22.62 4.55 31.64 2.04 120.30 20.66 2.72 5.77 
41 Sapillo Creek SC 6/26/2012 47.04 10.01 12.05 0.90 206.36 3.64 10.85 0.09 
42     10/29/2012 49.58 10.50 12.93 0.95 218.20 3.78 8.07 0.94 
43 Above Town Of Gila GG 10/14/2011 24.92 5.81 32.27 6.89 122.03 25.41 13.79 4.72 
44     6/26/2012 21.79 5.33 31.30 1.96 108.85 17.97 29.17 0.66 
45     10/29/2012 25.65 5.72 36.83 2.45 135.10 21.74 23.20 1.56 
46 Above Mangas Creek AMC 10/14/2011 36.67 7.92 33.65 5.75 176.95 22.37 28.26 -0.34 
47     6/26/2012 31.50 9.18 36.64 2.40 180.37 15.50 29.31 -0.27 
48     10/29/2012 38.08 7.95 35.98 2.57 190.90 16.86 24.06 0.96 
49 Mangas Creek MC 10/14/2011 78.85 13.16 35.22 8.67 227.84 16.93 119.25 0.56 
50     6/26/2012 71.49 13.03 39.02 2.91 228.20 16.32 111.13 -0.80 
51     10/29/2012 81.80 13.68 36.65 2.75 248.10 15.13 126.46 -1.82 
52 Below Mangas Creek BMC 10/14/2011 44.70 9.02 36.37 5.63 183.78 21.41 42.13 2.23 
53     6/26/2012 32.06 9.30 37.54 2.34 180.98 15.77 29.58 0.37 
54     10/29/2012 49.57 9.33 36.79 2.66 202.60 15.11 65.59 -2.04 
55 East Fork Gila EFG 7/20/2006 22.73 4.17 41.74 2.05 130.82 31.56 14.90 0.00 
56     8/6/2006 23.79 4.39 25.20 2.14 131.06 10.83 11.76 0.00 
57     9/21/2006 20.51 4.59 25.98 1.83 114.83 11.69 17.59 0.00 
58     10/12/2006 21.95 4.84 28.29 1.81 145.47 7.69 8.11 0.00 
59     11/5/2006 21.70 4.25 26.25 1.28 104.16 20.46 15.49 0.00 
60     11/15/2006 21.74 5.12 26.41 1.55 112.53 18.94 15.16 0.00 
nr -- Not reported   0.00 -- Bicarbonate estimated as difference in balance  bd -- Below detection     
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Table 2. Major ions 
ID Location Name Location ID Date Ca  Mg Na K HCO3 Cl SO4 Balance 
        mg/L mg/L mg/L mg/L mg/L mg/L mg/L  % 
61 Gila At Bird Sanctuary GBS 5/27/2006 45.17 10.11 44.53 2.02 224.08 16.33 45.15 0.00 
62     6/26/2006 33.09 9.82 44.75 2.46 175.22 16.91 53.79 0.00 
63     7/20/2006 44.21 9.80 43.52 2.38 211.83 18.14 47.16 0.00 
64     8/6/2006 22.84 4.88 20.79 2.52 117.27 6.93 18.82 0.00 
65     9/21/2006 28.67 7.12 30.43 2.00 157.29 8.88 27.02 0.00 
66     10/12/2006 30.36 7.97 38.85 2.19 200.09 7.92 19.86 0.00 
67     11/5/2006 32.02 7.21 28.89 1.67 152.61 12.55 30.44 0.00 
68     11/15/2006 29.44 7.63 30.86 1.79 145.00 13.74 34.61 0.00 
69     11/30/2006 32.18 7.65 31.23 2.32 148.15 17.48 35.13 0.00 
70     12/18/2006 32.34 8.15 31.43 1.98 152.30 15.21 37.27 0.00 
71     1/28/2007 30.03 7.18 29.91 1.94 136.88 15.29 36.73 0.00 
72     2/24/2007 23.36 5.88 22.15 1.50 120.00 9.04 20.63 0.00 
73     3/22/2007 23.66 5.52 22.40 1.65 141.20 5.65 8.49 0.00 
74 Gila At Gila GG 5/27/2006 25.01 6.21 44.45 1.96 143.63 24.35 33.68 0.00 
75     6/26/2006 24.13 5.92 41.84 1.93 134.91 22.52 34.28 0.00 
76     7/20/2006 27.75 6.18 44.46 2.21 155.82 24.00 31.33 0.00 
77     8/6/2006 19.43 5.27 22.63 2.27 115.00 8.05 16.00 0.00 
78     8/18/2006 15.78 4.21 18.65 1.98 92.50 4.93 16.31 0.00 
79     9/21/2006 22.22 5.07 24.10 1.83 120.70 7.89 20.15 0.00 
80     10/12/2006 23.00 6.20 34.57 2.13 160.67 8.74 16.13 0.00 
81     11/5/2006 22.26 5.57 24.76 1.42 118.80 10.86 20.62 0.00 
82     11/15/2006 18.28 4.79 22.80 1.37 105.65 8.48 17.38 0.00 
83     11/30/2006 19.26 5.29 24.65 1.36 101.15 15.34 19.79 0.00 
84     12/18/2006 20.47 5.61 25.07 1.34 106.28 13.27 23.58 0.00 
85     1/28/2007 25.02 6.39 30.93 1.81 128.25 16.55 28.64 0.00 
86     2/24/2007 18.22 4.94 19.02 1.21 95.70 8.13 18.04 0.00 
87     3/22/2007 16.63 4.30 18.28 1.35 99.65 5.93 10.21 0.00 
nr -- Not reported   0.00 -- Bicarbonate estimated as difference in balance  bd -- Below detection     
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Table 2. Major ions 
ID Location Name Location ID Date Ca  Mg Na K HCO3 Cl SO4 Balance 
        mg/L mg/L mg/L mg/L mg/L mg/L mg/L  % 
88 Gila Downstream Of The Forks Union GUN 7/20/2006 20.67 3.35 29.65 1.73 116.50 18.65 9.86 0.00 
89     8/6/2006 18.26 3.85 18.19 2.42 106.10 5.67 8.74 0.00 
90     8/18/2006 18.22 5.43 15.57 3.24 117.38 1.73 6.85 0.00 
91     9/21/2006 19.72 4.56 26.14 1.82 116.85 10.84 15.45 0.00 
92     10/12/2006 18.94 4.09 28.87 1.54 127.09 9.58 10.71 0.00 
93     11/5/2006 19.24 4.03 22.19 1.25 99.45 13.73 13.04 0.00 
94     11/15/2006 19.45 4.14 24.64 1.45 102.44 15.71 14.30 0.00 
95 Middle Fork MFG 5/27/2006 18.42 2.92 49.52 1.91 139.77 21.16 22.76 0.00 
96     6/26/2006 18.25 3.00 47.01 2.02 139.68 18.39 21.37 0.00 
97     7/20/2006 17.76 3.04 40.12 1.89 131.24 14.95 17.14 0.00 
98     8/6/2006 26.36 7.03 13.54 6.18 146.68 1.78 8.93 0.00 
99     8/18/2006 7.98 2.48 11.35 1.76 56.68 1.84 7.65 0.00 
100     9/21/2006 19.45 5.21 24.09 2.11 126.36 5.67 12.96 0.00 
101     10/12/2006 14.12 4.23 13.27 2.12 88.37 2.69 7.67 0.00 
102     11/5/2006 16.72 3.96 22.84 1.56 101.73 8.58 13.61 0.00 
103     11/15/2006 15.38 3.80 24.95 1.95 100.03 9.68 14.53 0.00 
104     11/30/2006 16.06 3.54 25.96 1.79 100.06 10.91 15.35 0.00 
105     12/18/2006 15.36 3.53 26.65 1.63 95.84 11.92 16.84 0.00 
106     1/28/2007 16.40 3.46 29.28 1.82 108.45 10.97 16.10 0.00 
107     2/24/2007 12.53 3.41 13.10 1.48 66.56 5.33 13.06 0.00 
108     3/22/2007 10.87 3.19 9.12 1.59 55.38 3.38 11.49 0.00 
109 Mogollon MOG 7/20/2006 18.36 5.18 13.54 1.04 95.59 2.54 15.34 0.00 
110     8/6/2006 9.32 2.68 10.13 1.04 57.39 1.45 8.22 0.00 
111     10/12/2006 8.39 2.62 12.81 3.54 61.25 4.25 7.60 0.00 
nr -- Not reported   0.00 -- Bicarbonate estimated as difference in balance  bd -- Below detection     
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Table 2. Major ions 
ID Location Name Location ID Date Ca  Mg Na K HCO3 Cl SO4 Balance 
        mg/L mg/L mg/L mg/L mg/L mg/L mg/L  % 
112 Rain Creek RC 7/20/2006 17.13 2.59 9.69 0.32 74.60 1.98 10.52 0.00 
113     8/6/2006 9.45 1.41 8.95 0.31 49.91 1.09 6.53 0.00 
114     8/18/2006 9.04 1.68 10.32 0.36 51.66 1.27 7.93 0.00 
115     9/21/2006 15.13 2.88 13.53 0.22 83.28 1.36 8.76 0.00 
116     10/12/2006 8.51 1.46 9.74 0.36 50.57 1.40 5.23 0.00 
117     11/15/2006 11.40 2.19 5.59 0.27 49.66 1.19 7.25 0.00 
118     11/30/2006 11.38 2.14 5.41 0.31 48.70 1.08 7.61 0.00 
119     12/18/2006 11.44 2.31 5.36 0.22 48.46 1.20 8.22 0.00 
120     1/28/2007 9.62 1.74 5.46 0.54 42.65 1.14 6.85 0.00 
121     2/24/2007 7.95 1.40 4.38 0.33 34.07 0.93 6.06 0.00 
122     3/22/2007 5.65 0.85 4.30 0.28 26.79 0.68 4.19 0.00 
123 West Fork Gila WFG 5/27/2006 19.40 3.33 15.43 1.32 112.45 1.64 2.74 0.00 
124     6/26/2006 19.14 3.51 16.28 1.39 115.25 1.62 2.55 0.00 
125     7/20/2006 19.03 3.66 13.48 1.60 107.50 1.75 3.17 0.00 
126     8/6/2006 10.33 3.02 9.73 1.57 63.94 1.43 6.68 0.00 
127     9/21/2006 11.84 3.51 13.00 1.31 78.21 1.54 7.34 0.00 
128     10/12/2006 7.23 2.39 9.65 1.42 52.83 1.38 5.21 0.00 
129     11/5/2006 12.48 3.07 7.61 0.96 64.84 1.55 5.98 0.00 
130     11/15/2006 11.99 3.07 7.91 1.15 64.44 1.69 5.79 0.00 
131     11/30/2006 11.99 2.92 7.75 1.21 63.80 1.73 5.37 0.00 
132     12/18/2006 12.48 3.13 8.23 1.11 67.17 1.91 5.36 0.00 
133     1/28/2007 13.89 3.17 9.30 1.53 76.62 1.71 4.48 0.00 
134     2/24/2007 13.84 3.15 9.12 1.33 74.74 1.72 5.12 0.00 
135     3/22/2007 7.53 2.42 5.00 1.22 37.50 1.37 8.15 0.00 
136 West Fork Mogollon WFM 5/27/2006 15.82 4.72 14.21 0.76 94.16 2.17 10.11 0.00 
137     7/20/2006 11.12 1.60 8.95 0.61 54.81 1.30 7.53 0.00 
138     8/6/2006 7.34 1.08 8.33 0.51 42.12 0.89 5.51 0.00 
139     9/21/2006 8.54 1.45 10.92 0.40 52.62 0.89 6.88 0.00 
nr -- Not reported   0.00 -- Bicarbonate estimated as difference in balance  bd -- Below detection     
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Table 2. Major ions 
ID Location Name Location ID Date Ca  Mg Na K HCO3 Cl SO4 Balance 
        mg/L mg/L mg/L mg/L mg/L mg/L mg/L  % 
140 Gila At Gila GG 11/8/05 nr nr nr nr nr 13.4 16.6 nr 
141 Middle Fork MFG 11/8/05 nr nr nr nr nr 15.0 13.0 nr 
142 Rain Creek RC 11/8/05 nr nr nr nr nr 1.4 5.4 nr 
143 West Fork Gila WFG 11/8/05 nr nr nr nr nr 1.7 3.4 nr 
144 West Fork Mogollon WFM 11/8/05 nr nr nr nr nr 1.2 5.4 nr 
145 Gila At Bird Sanctuary GBS 5/1/06 nr nr nr nr nr 18.2 57.2 nr 
146 Gila At Gila GG 5/1/06 nr nr nr nr nr 23.2 40.0 nr 
147 Rain Creek RC 5/1/06 nr nr nr nr nr 1.0 4.7 nr 
148 West Fork Mogollon WFM 5/1/06 nr nr nr nr nr 1.1 4.9 nr 
149 Gila At Bird Sanctuary GBS 8/18/06 nr nr nr nr nr 5.5 17.9 nr 
nr -- Not reported 
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Table 3. Trace Elements 
ID Location Name Location 
ID 
Date F Br NO3 Ba Si Sr Li Al  As  B  
      mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
1 Upstream Of Gila 
Hot Spring 
UGHS 10/14/2011 1.10 0.15 bd bd 160.80 0.05 1.85 0.20 bd 0.57 
2   6/26/2012 3.00 bd 0.16 bd 16.28 0.04 bd 0.10 bd 0.46 
3     10/29/2012 2.35 bd 0.32 >0.1 11.17 0.11 0.03 0.26 bd 1.24 
4 Gila Hot Springs GHS 10/14/2011 10.63 0.43 6.10 bd 343.90 0.16 1.94 0.22 bd 0.76 
5     6/26/2012 10.08 0.45 1.58 bd 31.26 0.13 0.32 0.11 bd 0.56 
6     10/29/2012 8.44 bd 0.19 bd 24.25 0.16 0.36 0.23 bd 0.66 
7* Middle Fork MFG 10/14/2011 2.19 bd 1.53 >0.1 12.04 0.11 0.04 bd bd 0.91 
8     10/14/2011 1.88 0.26 0.11 bd 173.60 0.06 1.88 0.20 bd 0.59 
9     6/26/2012 4.21 0.27 0.35 bd 18.63 0.05 0.04 0.13 bd 0.51 
10     10/29/2012 2.37 bd 0.23 >0.1 12.26 0.11 0.05 0.24 bd 1.43 
11 West Fork WFG 10/14/2011 bd 0.15 bd bd 135.70 0.06 2.21 0.10 bd 0.42 
12     6/26/2012 1.51 bd 0.23 bd 13.23 0.04 bd 0.11 bd 0.45 
13     10/29/2012 1.23 bd 0.83 >0.1 10.93 0.12 0.01 0.23 bd 1.42 
14 Below Middle Fork  BMFG 10/14/2011 1.18 0.19 bd bd 161.10 0.06 1.94 0.21 bd 0.66 
15     6/26/2012 4.02 bd bd bd 18.58 0.05 0.04 0.11 bd 0.45 
16     10/29/2012 1.90 bd 1.01 >0.1 11.30 0.11 0.04 0.26 bd 1.59 
17 Above Little Creek  ALC 10/14/2011 0.86 0.37 0.33 bd 157.40 0.06 2.24 0.15 bd 0.53 
18     6/26/2012 nr nr nr nr nr nr nr nr bd nr 
19 Little Creek LC 10/14/2011 0.05 bd bd bd 151.80 0.07 2.83 0.16 bd 0.54 
20     6/26/2012 nr nr nr nr nr nr nr nr bd nr 
21 Below Little Creek BLC 10/14/2011 0.80 0.27 0.55 bd 159.40 0.06 2.29 0.15 bd 0.51 
22     6/26/2012 nr nr nr nr nr nr nr nr bd nr 
23 Above East Fork AEFG 10/14/2011 0.96 0.39 0.37 bd 152.80 0.06 2.23 bd 0.12 0.45 
24     6/26/2012 2.18 bd 0.42 bd 14.57 0.04 bd 0.12 bd 0.46 
25     10/29/2012 1.84 bd 0.34 >0.1 11.40 0.10 0.04 0.24 bd 1.69 
26 East Fork EFG 10/14/2011 3.03 0.35 0.24 bd 188.80 0.09 2.97 bd 0.13 0.50 
27     6/26/2012 3.58 0.03 0.18 bd 18.52 0.07 bd 0.10 bd 0.47 
28     10/29/2012 3.07 bd 1.15 bd 14.37 0.10 0.05 0.22 bd 1.72 
29 Below East Fork BEFG 10/14/2011 1.68 bd bd bd 178.60 0.08 2.76 bd 0.15 0.52 
30     6/26/2012 3.01 bd 0.18 bd 17.56 0.05 bd 0.11 bd 0.47 
31     10/29/2012 2.43 bd 0.66 >0.1 12.74 0.10 0.04 0.21 bd 1.69 
nr -- Not reported bd -- Below detection                  
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Table 3. Trace Elements 
ID Location Name Location 
ID 
Date F Br NO3 Ba Si Sr Li Al  As  B  
      mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
32 Above Melanie Spring AMS 10/14/2011 1.10 bd bd bd bd bd bd bd bd bd 
33     6/26/2012 3.00 0.25 0.31 bd 17.63 0.06 bd 0.12 bd 0.52 
34     10/29/2012 2.35 bd 0.38 bd 13.38 0.10 >0.1 0.25 bd 1.75 
35 Melanie Spring MS 10/14/2011 10.63 0.41 8.82 bd 302.50 0.05 2.04 bd 0.23 0.77 
36     6/26/2012 10.08 0.37 1.89 >0.1 28.25 0.04 0.22 0.11 bd 0.55 
37     10/29/2012 8.44 bd 1.38 bd 21.20 0.06 0.25 0.27 bd 0.69 
38 Below Melanie Spring BMS 10/14/2011 2.19 0.35 0.34 bd 181.10 0.08 2.77 bd 0.16 0.55 
39     6/26/2012 1.88 0.24 0.25 >0.1 17.78 0.06 bd 0.10 bd 0.48 
40     10/29/2012 4.21 bd 0.25 bd 12.86 0.10 >0.1 0.22 bd 1.65 
41 Sapillo Creek SC 6/26/2012 2.37 bd 0.14 bd 13.83 0.08 bd >0.1 bd 0.45 
42     10/29/2012 bd bd 0.86 bd 11.18 0.11 bd bd bd 1.24 
43 Above Town Of Gila GG 10/14/2011 1.51 0.92 bd bd 169.40 0.09 3.08 bd 0.17 0.55 
44     6/26/2012 1.23 0.25 0.28 bd 14.90 0.06 bd 0.13 bd 0.54 
45     10/29/2012 1.18 bd 3.36 >0.1 12.14 0.12 >0.1 0.28 bd 1.47 
46 Above Mangas Creek AMC 10/14/2011 4.02 0.32 0.37 bd 159.50 0.13 4.67 bd 0.20 0.74 
47     6/26/2012 1.90 bd 0.22 >0.1 14.81 0.13 bd 0.11 bd 0.52 
48     10/29/2012 0.86 bd 1.06 bd 10.26 0.16 >0.1 0.26 bd 1.43 
49 Mangas Creek MC 10/14/2011 bd 0.41 13.06 bd 131.10 0.40 10.50 bd 0.10 0.54 
50     6/26/2012 0.05 0.37 5.66 >0.1 12.56 0.38 bd 0.14 bd 0.57 
51     10/29/2012 bd bd 11.78 bd 7.91 0.41 >0.1 0.22 bd 0.54 
52 Below Mangas Creek BMC 10/14/2011 0.80 0.11 1.03 bd 167.20 0.18 5.80 bd 0.14 0.52 
53     6/26/2012 bd 0.27 0.29 >0.1 14.62 0.13 bd bd bd 0.34 
54     10/29/2012 0.96 bd 2.91 >0.1 9.87 0.22 >0.1 0.23 bd 1.32 
55 East Fork Gila EFG 7/20/2006 2.18 0.05 0.05 >0.1 nr nr nr nr nr nr 
56     8/6/2006 1.84 0.03 0.06 >0.1 nr nr nr nr nr nr 
57     9/21/2006 3.03 0.04 0.11 nr nr nr nr nr nr nr 
58     10/12/2006 3.58 0.03 0.03 nr nr nr nr nr nr nr 
59     11/5/2006 3.07 0.04 0.04 >0.1 nr nr nr nr nr nr 
60     11/15/2006 1.68 0.05 0.05 nr nr nr nr nr nr nr 
nr -- Not reported bd -- Below detection                    
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Table 3. Trace Elements 
ID Location Name Location 
ID 
Date F Br NO3 Ba Si Sr Li Al  As  B  
      mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
61 Gila At Bird 
Sanctuary 
GBS 5/27/2006 3.01 0.05 0.47 nr nr nr nr nr nr nr 
62   6/26/2006 2.43 0.06 0.37 nr nr nr nr nr nr nr 
63     7/20/2006 nr 0.06 0.38 nr nr nr nr nr nr nr 
64     8/6/2006 3.11 0.03 0.26 nr nr nr nr nr nr nr 
65     9/21/2006 2.46 0.05 0.16 nr nr nr nr nr nr nr 
66     10/12/2006 9.90 0.04 0.14 nr nr nr nr nr nr nr 
67     11/5/2006 9.33 0.04 0.27 nr nr nr nr nr nr nr 
68     11/15/2006 8.21 0.04 0.33 nr nr nr nr nr nr nr 
69     11/30/2006 2.02 0.05 0.34 nr nr nr nr nr nr nr 
70     12/18/2006 3.12 0.04 0.41 nr nr nr nr nr nr nr 
71     1/28/2007 2.46 0.05 0.40 nr nr nr nr nr nr nr 
72     2/24/2007 0.60 0.03 0.20 nr nr nr nr nr nr nr 
73     3/22/2007 0.63 0.02 0.16 nr nr nr nr nr nr nr 
74 Gila At Gila GG 5/27/2006 2.02 0.05 nr nr nr nr nr nr nr nr 
75     6/26/2006 2.74 0.04 0.00 nr nr nr nr nr nr nr 
76     7/20/2006 2.64 0.06 nr nr nr nr nr nr nr nr 
77     8/6/2006 1.52 0.02 0.18 nr nr nr nr nr nr nr 
78     8/18/2006 2.23 0.03 0.14 nr nr nr nr nr nr nr 
79     9/21/2006 2.18 0.04 0.06 nr nr nr nr nr nr nr 
80     10/12/2006 nr 0.03 0.02 nr nr nr nr nr nr nr 
81     11/5/2006 1.33 0.04 0.01 nr nr nr nr nr nr nr 
82     11/15/2006 1.01 0.04 0.01 nr nr nr nr nr nr nr 
83     11/30/2006 1.25 0.05 0.01 nr nr nr nr nr nr nr 
84     12/18/2006 2.16 0.04 0.01 nr nr nr nr nr nr nr 
85     1/28/2007 1.97 0.03 0.01 nr nr nr nr nr nr nr 
86     2/24/2007 bd 0.02 0.11 nr nr nr nr nr nr nr 
87     3/22/2007 bd 0.01 0.21 nr nr nr nr nr nr nr 
nr -- Not reported bd -- Below detection                    
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Table 3. Trace Elements 
ID Location Name Location 
ID 
Date F Br NO3 Ba Si Sr Li Al  As  B  
      mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
88 Gila Downstream Of 
The Forks Union 
GUN 7/20/2006 nr 0.02 0.10 nr nr nr nr nr nr nr 
89   8/6/2006 nr 0.02 0.11 nr nr nr nr nr nr nr 
90     8/18/2006 nr 0.02 0.11 nr nr nr nr nr nr nr 
91     9/21/2006 nr 0.04 0.07 nr nr nr nr nr nr nr 
92     10/12/2006 nr 0.03 0.05 nr nr nr nr nr nr nr 
93     11/5/2006 nr 0.03 0.03 nr nr nr nr nr nr nr 
94     11/15/2006 nr 0.04 0.02 nr nr nr nr nr nr nr 
95 Middle Fork MFG 5/27/2006 nr 0.03 0.00 nr nr nr nr nr nr nr 
96     6/26/2006 nr 0.03 0.00 nr nr nr nr nr nr nr 
97     7/20/2006 nr 0.02 0.01 nr nr nr nr nr nr nr 
98     8/6/2006 nr 0.01 0.12 nr nr nr nr nr nr nr 
99     8/18/2006 nr 0.01 0.14 nr nr nr nr nr nr nr 
100     9/21/2006 nr 0.04 0.04 nr nr nr nr nr nr nr 
101     10/12/2006 nr 0.02 0.08 nr nr nr nr nr nr nr 
102     11/5/2006 nr 0.03 0.01 nr nr nr nr nr nr nr 
103     11/15/2006 nr 0.03 0.01 nr nr nr nr nr nr nr 
104     11/30/2006 nr 0.03 0.01 nr nr nr nr nr nr nr 
105     12/18/2006 nr 0.04 0.02 nr nr nr nr nr nr nr 
106     1/28/2007 nr 0.02 0.08 nr nr nr nr nr nr nr 
107     2/24/2007 nr 0.02 0.63 nr nr nr nr nr nr nr 
108     3/22/2007 nr 0.02 0.75 nr nr nr nr nr nr nr 
109 Mogollon MOG 7/20/2006 nr 0.02 0.01 nr nr nr nr nr nr nr 
110     8/6/2006 nr 0.01 0.03 nr nr nr nr nr nr nr 
111     10/12/2006 nr 0.01 0.03 nr nr nr nr nr nr nr 
nr -- Not reported bd -- Below detection                    
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Table 3. Trace Elements 
ID Location Name Location 
ID 
Date F Br NO3 Ba Si Sr Li Al  As  B  
      mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
112 Rain Creek RC 7/20/2006 nr 0.02 0.01 nr nr nr nr nr nr nr 
113     8/6/2006 nr 0.01 0.01 nr nr nr nr nr nr nr 
114     8/18/2006 nr 0.01 0.06 nr nr nr nr nr nr nr 
115     9/21/2006 nr 0.01 0.01 nr nr nr nr nr nr nr 
116     10/12/2006 nr 0.01 0.02 nr nr nr nr nr nr nr 
117     11/15/2006 nr 0.00 0.02 nr nr nr nr nr nr nr 
118     11/30/2006 nr 0.00 0.00 nr nr nr nr nr nr nr 
119     12/18/2006 nr 0.00 0.01 nr nr nr nr nr nr nr 
120     1/28/2007 nr 0.00 0.01 nr nr nr nr nr nr nr 
121     2/24/2007 nr 0.00 0.00 nr nr nr nr nr nr nr 
122     3/22/2007 nr 0.00 0.00 nr nr nr nr nr nr nr 
123 West Fork Gila WFG 5/27/2006 nr 0.01 0.00 nr nr nr nr nr nr nr 
124     6/26/2006 nr 0.02 0.01 nr nr nr nr nr nr nr 
125     7/20/2006 nr 0.02 0.00 nr nr nr nr nr nr nr 
126     8/6/2006 nr 0.01 0.09 nr nr nr nr nr nr nr 
127     9/21/2006 nr 0.01 0.02 nr nr nr nr nr nr nr 
128     10/12/2006 nr 0.01 0.13 nr nr nr nr nr nr nr 
129     11/5/2006 nr 0.01 0.00 nr nr nr nr nr nr nr 
130     11/15/2006 nr 0.01 0.01 nr nr nr nr nr nr nr 
131     11/30/2006 nr 0.01 0.03 nr nr nr nr nr nr nr 
132     12/18/2006 nr 0.01 0.06 nr nr nr nr nr nr nr 
133     1/28/2007 nr 0.01 0.08 nr nr nr nr nr nr nr 
134     2/24/2007 nr 0.01 0.09 nr nr nr nr nr nr nr 
135     3/22/2007 nr 0.00 0.23 nr nr nr nr nr nr nr 
136 
West Fork Mogollon 
WFM 5/27/2006 nr 0.00 0.01 nr nr nr nr nr nr nr 
137   7/20/2006 nr 0.00 0.00 nr nr nr nr nr nr nr 
138     8/6/2006 nr 0.01 0.04 nr nr nr nr nr nr nr 
139     9/21/2006 nr 0.00 0.01 nr nr nr nr nr nr nr 
nr -- Not reported bd -- Below detection                    
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Table 4. Solute Load               
 
        
  
ID Location Name Location 
ID 
Date Load Disch. Disch. Ca  Mg Na K HCO3 Cl SO4 Model d(18_16) d(D_H) 
      mg/s m^3/s ft^3/s mg/s mg/s mg/s mg/s mg/s mg/s mg/s % Mean Mean 
1 Upstream Of Gila 
Hot Spring 
UGHS 10/14/11             
 
        -8.65 -61.67 
2   6/25/12 12686 0.082 2.89 1268 265 1834 162 7826 342 990       
3   9/29/12                           
4 Gila Hot Springs GHS 10/14/11             
 
  
 
    -11.31 -80.98 
5     6/25/12                           
6     9/29/12                       -7.49 -87.47 
7* Middle Fork MFG 10/14/11 18204 0.093 3.30 1912 418 2498 222 11292 793 1069   -5.56 -71.77 
8     10/14/11             
 
        -8.48 -60.83 
9     6/25/12 10729 0.052 1.84 790 139 2098 122 5189 1083 1309 96     
10     9/29/12                       -5.53 -71.69 
11 West Fork WFG 10/14/11             
 
        -8.66 -61.88 
12     6/25/12 793 0.006 0.20 106 19 63 10 569 11 15 4     
13     9/29/12                       -5.47 -71.34 
14 Below Middle Fork  BMFG 10/14/11             
 
        -8.46 -61.50 
15     6/25/12 9870 0.049 1.72 748 135 1881 113 4885 949 1160 100     
16     9/29/12                       -5.54 -71.17 
17 Above Little Creek  ALC 10/14/11                       -8.45 -62.50 
18     6/26/12                           
19 Little Creek LC 10/14/11                       -8.04 -58.76 
20     6/26/12                           
21 Below Little Creek BLC 10/14/11             
 
  
 
    -8.65 -62.53 
22     6/26/12                           
23 Above East Fork AEFG 10/15/11             
 
        -8.53 -62.47 
24   6/26/12 3414 0.020 0.71 355 74 512 35 1848 308 283 35     
25     9/30/12                       -5.40 -71.20 
26 East Fork EFG 10/15/11             
 
  
 
    -8.99 -66.05 
27     6/26/12 6275 0.027 0.95 622 111 1038 47 3143 880 435 65     
28     9/30/12                       -5.77 -74.79 
29 Below East Fork BEFG 10/15/11             
 
        -8.78 -63.20 
30     6/26/12 10105 0.048 1.70 978 190 1577 88 5319 1207 746 100     
31     9/30/12                       -5.79 -73.15 
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Table 4. Solute Load               
 
        
  
ID Location Name Location 
ID 
Date Load Disch. Disch. Ca  Mg Na K HCO3 Cl SO4 Model d(18_16) d(D_H) 
      mg/s m^3/s ft^3/s mg/s mg/s mg/s mg/s mg/s mg/s mg/s % Mean Mean 
32 Above Melanie 
Spring 
AMS 10/15/11             
 
            
33   6/26/12 9929 0.046 1.62 986 187 1589 87 5120 1235 726       
34     9/30/12                       -6 -73 
35 Melanie Spring MS 10/15/11             
 
        -11 -77 
36     6/26/12                           
37     9/30/12                       -7 -86 
38 Below Melanie 
Spring 
BMS 10/15/11             
 
    
  
-9 -64 
39   6/26/12 9343 0.044 1.55 937 180 1509 83 4747 1188 700       
40     9/30/12                       -6 -73 
41 Sapillo Creek SC 6/26/12 1571 0.005 0.19 254 54 65 5 1114 20 59       
42     9/30/12                       -3 -57 
43 Above Town Of Gila GG 10/16/11             
 
    
  
-8 -62 
44   6/27/12 12767 0.059 2.08 1286 315 1847 116 6422 1060 1721       
45     9/30/12                       -5 -71 
46 Above Mangas Creek AMC 10/16/11               
 
      -8 -62 
47   6/27/12                           
48     9/30/12                       -5 -69 
49 Mangas Creek MC 10/16/11             
 
        -8 -64 
50     6/27/12                           
51     9/30/12                       -5 -71 
52 Below Mangas Creek BMC 10/16/11             
 
    
  
-8 -62 
53   6/27/12                           
54     9/30/12                       -5 -69 
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FIGURE CAPTIONS 
 
Figure 1. The map of the Colorado River system showing the upper Gila subbasin with 
study area highlighted in red (modified from American Rivers (accessed at 
https://www.americanrivers.org/river/colorado-river/). 
 
Figure 2. Land uses in the Gila National Forest are limited to minor agricultural uses, 
grazing and outdoor recreational activities. Upon reaching the wider plains many 
agricultural and farming communities can be found along the Gila River. Study area 
outlined in red dashed lines. 
 
Figure 3. Illustration of Mogollon-Datil volcanic field with dated calderas and outcrops 
(from McLemore 2010). 
Figure 4. Geological map of the upper Gila River subbasin illustrates extensive past 
volcanism and post volcanism deformation. Volcanic formations appear in pink and 
purple shades while younger sedimentary deposits shown in yellow colors. From NM 
Bureau of Mines and Mineral Resources, 2003. 
Figure 5. Geologic map of Gila River and East Fork confluence with Gila Hot Spring 
area outlined in the red rectangle. Modified from Ratte and Gaskill, 1975. 
Figure 6. a. Exploration wells have been installed in the Gila Hot Springs area and 
followed A to A’ transect. b. Geologic cross-section has been constructed illustrating 
geothermal fluid temperature gradients and normal fault structures which allow for 
endogenic fluid transport. c. Numerous fault structures in the area allow for hydrothermal 
fluids to reach the surface and contribute to recharge of the Gila River. Modified from 
Witcher and Lund, 2002. 
Figure 7. Schematic of the study area within the upper Gila River subbasin illustrates 
spring, tributary sampling locations differentiated by types of flow contributing sources. 
Confluence types, depicted as red and green stars, represent sampling locations where 
mixing of flow contributing sources occurs. Abbreviations for names of sampling 
locations can be found in Table 1.  
Figure 8. a. Graph of cumulative monthly discharge of Mogollon creek (USGS 9430600) 
in purple, Gila River (USGS 9430500) blue line, Red Rock (USGS9431500) green line 
and precipitation (RESERVE RANGER STATION, NM) bars. Wildfire damage to a rain 
gauge resulted in no data period in precipitation record. b. The hydrograph showing daily 
mean discharge of the Gila River near town of Gila (red) illustrates flow decrease 
corresponding to increase of drought severity and coverage index (pink; from NCDC, 
1999). 
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Figure 9. Median of 19 projections of annual precipitation minus evaporation over 
American Southwest. The median (red), 25
th
 and 75
th
 percentiles (pink), precipitation 
median (blue), evaporation median (green) (Seager et. al, 2007).   
Figure 10. Spatial distribution of temperature and snowpack (snow-water equivalents: 
SWE) change predicted for the period 2020-2030, where the color scale indicates the 
change from the 1990’s decadal median. Study area is in the lower right of the region of 
interest. Temperature is predicted to increase, and snowpack to decrease. From Bureau of 
Reclamation, 2011. 
Figure 11. a-d Box and whisker diagrams illustrates wide ranges of field parameters over 
the period of study. Data from Table 1. AD – Acuña and Dahm’s, PV – Pavel V. The box 
denotes the 25th, 50th, and 75th percentile values, and the whiskers denote the 5th and 
95th percentile values. 
 
Figure 12 a - f Box and whisker plots of selected ions by data source and location from 
Table 2. Greatest variability in major ion concentrations can be seen in the perennial 
tributaries. AD – Acuña and Dahm’s, PV – Pavel V. The box denotes the 25th, 50th, and 
75th percentile values, and the whiskers denote the 5th and 95th percentile values. 
 
Figure 13 a - e Graphical representation of geochemical interactions and results of a 
mixing model of flow inputs to the Gila River. 
 
Figure 14. Historical and current data were separated in to seasonal intervals and plotted 
in the downstream progression. Greater solute accumulation is evident during summer 
and winter months.  
 
Figure 15. Piper diagram shows water samples from chosen Gila River locations and 
previous studies. Samples collected from springs are predominantly rich in Na+ and Cl-, 
while tributaries are mostly saturated with carbonate species. Anion and cation 
compositions are normalized values in meq/L in the lower right and left triangles, 
respectively. Values for each are projected into the central diamond to illustrate combined 
trends (after Drever, 1997). 
 
Figure 16. a-d Graphs of comparison of select ions from Table 2. Straight line in plot 
areas represents a 1:1 ratio. Tributaries are depicted as dimonds, main stream of the Gila 
River as circles and springs as triangles. Blue, green and red colors indicate samples 
collected during this study, while orange and yellow present data incorporated from 
Acuña and Dahm’s study. 
Figure 17. Solute load progression graph illustrates changes in loads of individual ions. 
Columns of triangles illustrate instantaneous loads of major ions of individual tributaries. 
Explanation to abbreviated locations along the x axis are found in Table 1. 
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Chemical plots of select major ions where the solid line representing 1:1 ratio. 
76 
 
  
St
iff
 d
ia
gr
am
s r
ep
re
se
nt
in
g 
th
e 
ch
em
ic
al
 c
om
po
sit
io
n,
 m
ix
in
g 
an
d 
do
w
ns
tr
ea
m
 so
lu
te
 a
cc
um
ul
at
io
n.
 
77 
 
  
Is
ot
op
ic
 c
om
po
sit
io
n 
of
 m
ai
n 
st
re
am
 (b
lu
e)
, t
rib
ut
ar
ie
s (
gr
ee
n)
 a
nd
 sp
rin
gs
 (r
ed
) 
pl
ot
te
d 
ag
ai
ns
t a
 g
lo
ba
l m
et
eo
ric
 w
at
er
 li
ne
. Y
el
lo
w
 c
irc
le
s r
ep
re
se
nt
 th
e 
Li
gh
tf
ea
th
er
 tr
ia
d 
(F
ig
ur
e 
13
 a
) a
nd
 il
lu
st
ra
te
s m
ix
in
g 
of
 tw
o 
di
st
in
ct
 w
at
er
s.
  
78 
 
 
 
1
10
100
1000
10000
100000
Aug-16
Nov-16
M
ar-17
Jun-17
Sep-17
Dec-17
Apr-18
Jul-18
Gila River Gauge Data 
(October 2016 – May 2018) 
West Fork Gila (USGS 09430010) 
Gila River near Gila Hot Springs (USGS 09430030) 
Gila River below Middle/West confluence (USGS 09430020) 
Gila River near town of Gila (USGS 09430500) 
Data from recently installed gauge stations in multiple tributaries of the upper Gila River 
show similar response to recharge events across the watershed. 
